Abstract-Polycyclic aromatic hydrocarbon (PAH) contamination of the environment represents a serious threat to the health of humans and ecosystems. Given the human health effects of PAHs, effective and cost-competitive remediation technologies are required. Bioremediation has shown promise as a potentially effective and low-cost treatment option, but concerns about the slow process rate and bioavailability limitations have hampered more widespread use of this technology. An option to enhance the bioavailability of PAHs is to add surfactants directly to soil in situ or ex situ in bioreactors. Surfactants increase the apparent solubility and desorption rate of the PAH to the aqueous phase. However, the results with some synthetic surfactants have shown that surfactant addition can actually inhibit PAH biodegradation via toxic interactions, stimulation of surfactant degraders, or sequestration of PAHs into surfactant micelles. Biosurfactants have been shown to have many of the positive effects of synthetic surfactants but without the drawbacks. They are biodegradable and nontoxic, and many biosurfactants do not produce true micelles, thus facilitating direct transfer of the surfactant-associated PAH to bacteria. The results with biosurfactants to date are promising, but further research to elucidate surfactant-PAH interactions in aqueous environments is needed to lead to predictive, mechanistic models of biosurfactant-enhanced PAH bioavailability and thus better bioremediation design.
INTRODUCTION
Pollution of aquatic environments and soil is a worldwide problem that can result in uptake and accumulation of toxic chemicals in food chains and harm to the flora and fauna of affected habitats. Although substantial progress has been made in reducing industrial releases over recent years, major releases still occur. In addition, a considerable number of polluted sites have been identified and new ones are continually being discovered. Many of these sites threaten to become sources of contamination to drinking water supplies and thereby constitute a substantial health hazard for current and future generations. To remedy this situation, numerous remediation techniques have been developed. Primarily due to cost and time considerations, landfilling of contaminated soil is currently the most widely used remediation method. Nevertheless, biological remediation in combination with other methods, has gained an established place as a soil restoration technology.
A class of pollutants facing particular attention today is the polycyclic aromatic hydrocarbons (PAHs). Interest in the biodegradation mechanisms and environmental fate of PAHs is prompted by their ubiquitous distribution in the environment and their deleterious effects on human health (see Table 1 for cancer classification of PAHs). Because of the increased consumption of fossil fuels, their occurrence in the environment has steadily increased in the past 100 to 150 years [1] . Polycyclic aromatic hydrocarbons constitute a large and diverse class of organic compounds consisting of three or more fused aromatic rings in various structural configurations. Although not a PAH, the bicyclic aromatic hydrocarbon naphthalene is frequently included in the PAH group in the environmental science literature, and we include it here as well. The PAHs * To whom correspondence may be addressed (krockne@uic.edu).
are formed through industrial and diagenetic processes as well as by incomplete combustion of organic matter [1] . Primary sources for PAH entries into the environment include emissions from combustion processes or from spillage of petroleum products. Pollution of soil by tar oil from coal gasification facilities is the source of considerable PAH contamination in the United States as well as in other countries [2, 3] . Anthropogenic sources such as vehicle emissions, heating and power plants, industrial processes, and refuse and open burning are considered to be the principal sources to the environment on a mass basis [4] . Polycyclic aromatic hydrocarbons are detected in air [5, 6] , soil and sediment [7] [8] [9] , surface water, groundwater, and road runoff [10, 11] and can also result in human exposure through transfer from the atmosphere to vegetation [12] and foods [13, 14] . The wide distribution of environmental PAH sources, coupled with global transport phenomena, results in their ubiquitous distribution. Polycyclic aromatic hydrocarbons concentrations in the environment vary widely, depending on the proximity to the environmental source and the mode of PAH transport to the site. The PAH concentrations at contaminated soil or sediment sites have been reported to range from 1 g/kg to several percent by mass [2, 4, 15, 16] .
The U.S. Environmental Protection Agency (U.S. EPA) classifies 16 PAHs as priority pollutants [17] . One of these PAHs, benzo[a]pyrene (BaP), is included as 1 of 12 target compounds or groups defined in the new U.S. EPA strategy for controlling persistent, bioaccumulative, and toxic pollutants [18] . Most PAHs occur as hybrids encompassing various structural components, such as in BaP. For most PAHs, increased hydrophobicity and electrochemical stability are correlated with an increase in molecular weight and angularity of the PAH molecule [19] . Molecular stability and hydrophobicity are two primary factors that contribute to the persistence of high-molecular-weight (HMW) PAHs in the environment, as shown by multiple studies correlating biodegradation rates and PAH molecular size [4, 20] . The PAH genotoxicity also is known to increase with PAH molecular weight [1] . Because of their lipophilic nature, PAHs have a high potential for biomagnification through trophic transfers [21, 22] . Loss mechanisms for PAHs in soils include volatilization, leaching, and irreversible adsorption or by photolytic, chemical, or biological modifications. Although bioremediation of PAH contaminated soils is a promising alternative remedial strategy [1] , the bioremediation rate of PAHs in the environment is limited by various factors [23] . One of the major factors is limited PAH availability to microbes because of their low solubility and strong and/or irreversible sorption to soil [9] . One of the options to increase bioavailability of PAHs is the use of surfactants to increase desorption and apparent solubility in the aqueous phase. Several reports (primarily phenomenological) have shown improved removal of contaminants in lab and field studies by both synthetic and biosurfactants [24] [25] [26] [27] [28] . In this review we have compared a broad range of literature reports of the effects of synthetic surfactants and biosurfactants in enhancing PAH biodegradation to provide a better understanding of PAH bioavailability enhancement from a microbial toxicological and ecological standpoint.
Biodegradation of PAHs
Microbes are known for their metabolic diversity, and many biohazardous and/or persistent anthropogenic chemical compounds (such as PAHs) are biodegradable. The biodegradation of PAHs by microorganisms has been the subject of several reviews (see, e.g., [4, 29, 30] ), and the biodegradation pathways of PAHs are well documented.
Although HMW PAHs generally persist longer in soils than low-molecular-weight (LMW) PAHs and other hydrocarbons, HMW PAHs can sometimes be slowly removed from contaminated soils, suggesting that biodegradation pathways do exist. In the past 15 years, research pertaining specifically to the bacterial biodegradation of PAHs composed of more than three rings has advanced significantly. Bacterial isolates that can attack HMW polycyclic aromatic hydrocarbons have been reported [31] . In addition, many HMW PAHs are also susceptible to at least partial degradation by bacteria using other lowermolecular-weight hydrocarbons for carbon and energy [32] .
The biochemical pathways for the biodegradation of PAHs depend on whether oxygen is present or absent. Bacteria under aerobic conditions can degrade most PAHs with fewer than five rings; the initial catabolic step in aerobic catabolism of a PAH molecule by bacteria occurs via oxidation of the PAH to a dihyrodiol by a multicomponent dioxygenase enzyme system (see Fig. 1 ). These dihydroxylated intermediates are further metabolized via either an ortho-or a meta-oxygenolytic cleavage pathway, resulting in intermediates such as protocatechuates and catechols, which are further converted to tricarboxylic acid cycle intermediates [33] . Evidence exists that some bacteria can attack PAHs with a mono-oxygenase enzyme. For example, many Mycobacterium spp. are known to produce trans-dihydrodiols from PAHs (see Fig. 1 ), suggestive of a mono-oxygenase attack [34] . In addition, bacteria also have been reported to attack PAHs with a methane mono-oxygenase [35] .
The nonligninolytic fungi metabolize PAHs via pathways similar to those used by mammalian enzyme systems [1, 29] . Many fungi oxidize PAHs via a cytochrome P450 mono-oxygenase, forming an arene oxide (see Fig. 1 ), or oxidize PAHs to trans-dihydrodiols, phenols, tetralones, quinones, dihydrodiol epoxides, and various conjugates of the hydroxylated intermediates, but only a few have the ability to degrade PAHs to CO 2 [36] .
In the past five years, a dramatic increase has occurred in the understanding of anaerobic biodegradation of PAHs. Once thought to be recalcitrant to biodegradation without oxygen as a reactant, PAHs have now been shown to be biodegradable under a variety of anaerobic conditions [37] [38] [39] [40] [41] [42] [43] [44] . The initial ring activation pathways appear to require the incorporation of carbonate from water into the ring as a carboxyl substituent (see Fig. 1 ).
In summary, laboratory studies have revealed that virtually all PAHs with less than five rings are at least partially biodegradable by a variety of microorganisms both aerobically and anaerobically. However, whether laboratory results carry over to the field is an open question, particularly in the case of anaerobic PAH biodegradation [8, 16] .
Bioavailability limitations of PAHs
The most commonly cited drawback of bioremediation compared to other remediation options is the relatively longer time scale required for treatment due to slower kinetics. In the case of PAHs, the rate of in situ microbial metabolism is limited principally by two factors: absence of metabolic capabilities (discussed in the previous section) and the generally high partitioning to the solid phase and low solubility of these compounds resulting in low bioavailability to the organism(s) responsible for biodegradation [45, 46] . It is generally accepted that this limited bioavailability is the most important factor involved in the slow degradation of PAHs. Polycyclic aromatic hydrocarbons are highly hydrophobic and only sparingly soluble in water (see Table 1 for environmental data on biodegradable PAHs). In addition, PAHs strongly bind to soil and sediment organic matter (SOM) in situ. Further, bioavailability appears to decrease with aging time, in part because of alteration of the SOM and tighter binding of the PAH to the diagenetically altered SOM [9] . A wide diversity of research has focused on bioavailability limitations and ways of overcoming them over the past decade. Therefore, efforts to increase the kinetics through enhancing bioavailability can potentially lead to increased use of bioremediation as a treatment option as long as the first factor, metabolic capability, is present.
Surfactant enhancements for bioavailability
One way to enhance the solubility of PAHs is to apply surface-active agents (surfactants) as mobilizing agents [47, 48] . Surfactant approaches to enhancing biodegradation often attempt to increase the apparent solubility of hydrophobic organic contaminants (HOCs) by the addition of synthetic surfactants or biosurfactants. Synthetic surfactants are often applied as mixtures because they perform better than the individual components. Although the formulations of most commercial dispersants are proprietary, in general two or more nonionic surfactants are mixed with one or more charged (typically anionic) surfactants [49] . Surfactants are amphiphilic molecules consisting of a hydrophilic part and a hydrophobic part [50] . Because of this property, these molecules tend to concentrate at interfaces and to decrease interfacial tension ( Fig. 2A and B) . Another important characteristic of surfactants is that above a certain concentration (critical micelle concentration), stable aggregates of 10 to 200 molecules are formed (called micelles) that can increase the solubility of HOCs [51] . The critical micelle concentration (CMC) is the characteristic concentration of surfactants in solution above which the appearance and development of micelles brings about a sudden variation in the relation between the concentration and certain physicochemical properties of the solution (such as the surface tension).
The effect of a surfactant on the availability of organic compounds can be explained by three main mechanisms: dispersion of nonaqueous-phase liquid (NAPL) organics, leading to an increase in contact area caused by a reduction in the interfacial tension between the aqueous phase and the nonaqueous phase; increased apparent solubility of the pollutant, caused by the presence of micelles that contain high concentrations of HOCs [51] ; and facilitated transport of the pollutant from the solid phase, which can be caused by lowering of the surface tension of the soil particle pore water, interaction of the surfactant with solid interfaces, and interaction of the pollutant with single surfactant molecules. The first mechanism is involved only when NAPL organics are present. Because both of the latter two mechanisms can cause an increase in the rate of mass transfer to the aqueous phase, the relative contributions of these two mechanisms to the enhancement of bioavailability of the substrate are often unknown or confounded. Schippers et al. [52] suggested three approaches for the promotion of the biodegradation of PAHs by surfactants ( Fig. 3A-C) . In the first approach, bacteria are able to take up the pollutant from the micellar core [53] . In the second approach, surfactants increase the mass transfer of pollutants to the aqueous phase for further use by microbes. In the third approach, addition of surfactants changes the cell hydrophobicity, facilitating the direct contact between cells and NAPLs. A fourth possible mechanism has been suggested by others in which surfactants help microbes adsorb to soil particles occupied by pollutants, thus decreasing the diffusion path length between the site of adsorption and site of bio-uptake by the microbe [54, 55] .
Many studies on the use of synthetic surfactants for HOC remediation have dealt either with the effect of surfactants on desorption or biodegradation or with the practical problems of applications of surfactants to soil (Table 2) . Washing with surfactant solutions has been shown to be effective for the removal of HOCs such as PAHs, hydrocarbons, polychlorinated biphenyls, or chlorinated solvents, such as trichloroethylene, from soil [56, 57] . However, contradicting results are found in the literature about the effects of surfactant addition on PAH biodegradation. While some research has found that the presence of surfactants enhances biodegradation [58] [59] [60] , others have found that the presence of surfactants inhibits biodegradation [25, 26, 61, 62] . These contrasting reports indicate a need to better understand the mechanisms of biodegradation of PAHs in the presence of surfactants.
Volkering et al. [59] investigated the effects of four nonionic surfactants on the bioavailability and rates of biodegradation of crystalline naphthalene and phenanthrene. The presence of synthetic nonionic surfactants-Triton X-100, Tergitol NPX, Brij 35, and Igepal CA-720 (Aldrich, Milwaukee, WI, USA)-resulted in both increased apparent solubilities and increased maximal rates of dissolution of crystalline naphthalene and phenanthrene. They confirmed that dissolution was increased by surfactant addition using a combined model and batch growth approach, consistent with the results of Edwards et al. [51] . The biodegradation rates of both naphthalene and phenanthrene during dissolution-limited growth were increased significantly by surfactant addition, indicating that the PAH dissolution rates were increased by the surfactant. The effect was more pronounced for phenanthrene than for naphthalene. In all the growth and activity experiments, no toxic effects of the surfactants were observed at concentrations up to 10 g/L. However, PAHs present in the micellar phase (above the CMC) were shown to not be readily bioavailable for biodegradation. Thus, micellar PAHs are a nonbioavailable reservoir that may replenish aqueous-phase PAHs as they are depleted by biodegradation, a result also reported by Zhang and Miller [63] . The fact that micellar substrate is not readily bioavailable has an important consequence for the application of surfactants in biological soil remediation. First, the presence of micelles may lower the concentration of contaminant in the aqueous phase, thereby slowing the bacterial activity or growth. This effect, combined with the possible toxicity of the surfactants, could account for phenanthrene mineralization inhibition as observed by Laha and Luthy [25] . Second, the nonbioavailable micellar-bound PAH may be mobilized in groundwater, resulting in unwanted contamination further down plume after the micelle degrades.
In contrast to the reports of Laha and Luthy [25] , another report shows that biodegradation of naphthalene in aqueous nonionic surfactant systems above the CMC was not limited R.S. Makkar and K.J. Rockne a Studies found in the literature where the amount of surfactant relative to the critical micelle concentration (CMC) could be ascertained. b Synthetic surfactants used in these studies were procured from LVM (Berlin, Germany), Sigma (St. Louis, MO, USA), Hoechst AG (Franklin, Germany), or Aldrich (Milwaukee, WI, USA). See text for further detail. c ϩ ϭ beneficial effect defined as a significant increase in biodegradation rate and/or extent; Ϫ ϭ detrimental effect; 0 ϭ no effect.
by toxicity to naphthalene-degrading bacteria [64] . The presence of surfactant micelles did not inhibit mineralization of naphthalene, and naphthalene solubilized by surfactant micelles in liquid media was bioavailable and degradable by the mixed culture of bacteria.
Tiehm et al. [65] studied the effect of two nonionic alkylphenolethoxylate surfactants (Arkopal N-300 and Sapogenat T-300; Hoechst AG, Franklin, Germany) on the bioavailability of PAHs in manufactured gas plant soil. Bioavailability was evaluated in soil columns percolated with recirculating flushing water. The authors emphasized the fact that the aqueous PAH concentrations were influenced both by the dissolution rates and by the degradation rate, with both processes occurring simultaneously. In the initial phase of the experiment, mass transfer was faster than microbial biodegradation. As time progressed, PAH concentrations were strongly affected by microbial degradation because of the growth of PAH degraders. Both surfactants enhanced the dissolution rate of sorbed PAH although to a greater extent for LMW PAHs than for HMW PAHs. This was consistent with the results of previous investigators using single PAHs [59, 66] . It has been demonstrated that surfactant micelles have a higher solubilizing capacity for LMW PAHs than for HMW PAHs [51] . In this study, however, increase of aqueous PAH concentration was not always directly correlated with the PAH molecular weight. The dissolution rate of particular PAHs also depended on their initial concentration in the soil.
Studies have linked an increase in the apparent solubility with an increase in the phenanthrene aqueous dissolution rate following surfactant addition [59, 61] . However, accelerated PAH dissolution caused by surfactant addition can result in enhanced biodegradation only if the solubilized PAHs are bioavailable, as shown by studies with hydrophilic surfactants where release of the PAH from the surfactant micelles was necessary for PAH biodegradation [67, 68] . Guha and Jaffe [67] developed a model that accounted for both partitioning of the PAH between the micelle and aqueous phases and direct uptake of a bioavailable fraction of the micellar PAH, essentially a combination of the mechanisms in Figure 3A and B. The model assumed linear equilibrium partitioning between the micellar and aqueous phases as C mic ϭ S mc k mc C, where C is the aqueousphase PAH, C mic is the micellar PAH unavailable for biodegradation, S mc is the amount of surfactant in micelles, and k mc is the micelle-aqueous partitioning coefficient. Their model assumes that a fraction (f) of C mic is bioavailable through direct uptake to the microbe from the micelle. Therefore, the total Surfactant-enhanced PAH bioavailability Environ. Toxicol. Chem. 22, 2003 2285 PAH concentration available to the microbe is C ϩ fC mic . The authors established that PAH biodegradation was rate limiting (mass transfer was rapid) in their model system by independently measuring the rate of micelle-aqueous PAH partitioning. The model fits the data in their test system well (assuming Monod biokinetics); however, it is likely that surfactant-PAH behavior in a more complex multiphase system without mass transfer limitations would not be predicted by a linear partitioning model. One strength of the model is that it shows mechanistically how high amounts of surfactant can actually inhibit biodegradation by decreasing the concentration gradient for micellar PAH partitioning into the aqueous phase (as S mc increases, the gradient will decrease as micellar PAHs are diluted). However, f was attributed to be a function of both the microbial properties and the surfactant dose and not readily predictable a priori, which makes the model less general and predictive.
In contrast to the results of Guha and Jaffe, Volkering et al. [59] reported limited bioavailability of micellar enclosed PAHs for biodegradation. Removal from the aqueous phase of BaP and other five-ring PAHs was negligible, even in the presence of surfactants. It was not clear whether this was due to physiochemical or biological reasons. An inhibition of the degradation of BaP by the presence of other more readily degradable PAHs has to be taken into consideration, as suggested by studies with BaP and other PAHs [65, 69] .
Jahan et al. [70] studied the factors affecting the nonionic surfactant-enhanced biodegradation of phenanthrene. Nonionic surfactants were selected on the basis of their solubility at groundwater temperatures, greater hydrocarbon solubilizing power, weaker sorption to charged sites, and lack of/or lower toxicity to bacteria. Sorption studies indicated that in the presence of surfactants (25 mg/L), partition coefficient (K p ) values increased significantly. This increase may have been attributed to the increase in fraction organic carbon (f oc ) content of sand due to sorption of the amended surfactants. The implications of this work are that the increase in sorption of phenanthrene in the presence of surfactants may negatively impact surfactant-based contaminated soil remediation techniques. Batch and column biodegradation studies showed that all the surfactants at the sub-CMC concentrations enhanced biodegradation of phenanthrene and had no inhibitory or toxic effects. The enhanced mineralization of phenanthrene was due to the enhanced solubilization of phenanthrene by the surfactants. The report gave impetus to the study of various physiochemical properties of surfactants and substrate and surfactant bacteria interaction for selecting proper surfactants for in situ biodegradation of PAHs [71, 72] . In another study, the group modeled surfactant-mediated solubilization and biodegradation of phenanthrene in a completely mixed batch system [73] . The model incorporated modified Monod substrate utilization kinetics with substrate inhibition based on the rates of phenanthrene dissolution, substrate biodegradation, and oxygen uptake to determine the intrinsic kinetic coefficients of phenanthrene biodegradation. Sensitivity analysis of the model indicated that the increase in phenanthrene dissolution rate by surfactant addition was most responsible for phenanthrene biodegradation rate enhancement. This contrasts with the assumption by Guha and Jaffe [67] (discussed previously) that mass transfer was rapid compared to biokinetics. This supports our earlier statement that such a model assumption is not general for multimedia systems where desorption from solids occurs.
Allen et al. [74] investigated the biotransformation of naphthalene and phenanthrene in the presence of 2,2,4,4,6,8,8-heptamethylnonane (HMN) and the nonionic surfactant Triton X-100 using dioxygenase-expressing bacteria Pseudomonas sp. Strain 9816/11 and Sphingomonas yanoikuyae B8/36. Both strains are mutants that accumulate cis-dihydrodiol metabolites under the conditions used. The HMN increased the cis-dihydrodiol accumulation from both PAHs by both test microorganisms, although the metabolite accumulation was more pronounced with phenanthrene. In contrast to the results with HMN, Triton X-100 only resulted in increased metabolite accumulation by strain 9816/11 (again the effect was more pronounced with phenanthrene). Triton X-100 significantly inhibited metabolite production by B8/36 for both PAHs, indicating that significant enhancement of the PAH oxidation rate may be facilitated by nontoxic surfactant enhancement (HMN) where the rate of PAH biodegradation is otherwise limited by mass transfer. The contrasting effects of the nonionic surfactant on the biotransformation of PAHs by the two bacteria in this study may explain why previous studies on the application of surfactants to PAH bioremediation have yielded inconclusive results [58, 75] . Pinto and Moore [76] determined the extent to which fourand five-ring PAHs could be released from different soil types by the nonionic surfactant Tween 80 (Sigma, St. Louis, MO, USA) and whether microorganisms could oxidize the surfactant-solubilized PAHs present in soil washings. The authors chose Tween 80 for its nontoxic nature and degradability by microorganisms [77] . Tween 80 has been shown to efficiently release both diesel fuel and phenanthrene from contaminated sediment [78, 79] . In soil slurries, a very high concentration of Tween 80 (156 g/L, 10,000 times the CMC) was required to mobilize approximately 70% of bound HMW PAHs from contaminated soil [76] . It is probable that other surfactants would require similarly high concentrations to mobilize bound HMW PAHs, as predicted by Yeom [79] . Soil often contains high numbers of surfactant-degrading microorganisms, many times more than PAH degraders. Stimulation of surfactant degraders at the expense of PAH degraders was cited as the cause for the lack of PAH biodegradation rate enhancement following surfactant addition in real systems [80] . As a consequence, after PAH solubilization, the surfactant micelles will be degraded, allowing PAHs to rebind to organic matter and once again be unavailable to microorganisms. Soil washing followed by separation and biological treatment of effluent may avoid this PAH solubilization and readsorption phenomenon. The two-step method by Pinto and Moore [76] of soil washing with Tween 80 followed by addition of active fungal spores resulted in oxidation of up to 90% of 14 C-pyrene in the effluent after two weeks.
In summary, sorption and sequestration of PAHs within the soil matrix are critical processes affecting contaminant mobility, toxicity, and persistence. Slow release of PAHs from the soil matrix to the aqueous phase represents a long-term contamination source and hinders remediation efforts. It has been suggested that synthetic surfactants may be used to facilitate pump-and-treat and/or bioremediation of contaminated soils and aquifer sediments [81] . Most research involving the use of synthetic surfactants has focused on the mobilization of PAHs for biodegradation. Studies employing synthetic nonionic surfactants have contributed significantly to our understanding of the mechanisms that enhance apparent solubility and the interactions among PAH-degrading bacteria, surfactants, and the PAHs. However, the relative toxicity and often 2286 Environ. Toxicol. Chem. 22, 2003 R.S. Makkar and K.J. Rockne times limited efficiency of synthetic surfactants at low concentrations reduces the potential for their applications in PAHcontaminated sites.
Biosurfactants and PAH bioremediation
Perhaps a more promising solution for bioavailability enhancement may be the use of biosurfactants, whose primary function is to facilitate microbial life in environments dominated by hydrophilic-hydrophobic interfaces [82] . Biosurfactants have the ability to solubilize HOCs but have several additional advantages over synthetic surfactants that make them superior candidates in bioremedation schemes [83, 84] . First, biosurfactants are readily biodegradable and therefore pose no additional pollution threat. Second, most studies indicate that they are completely nontoxic to microorganisms and therefore unlikely to inhibit biodegradation of PAHs. Biosurfactant production is potentially less expensive than synthetic surfactants and can be easily achieved in situ at the contaminated sites from inexpensive raw materials. For example, Makkar and Cameotra [93] have reported that the amendment of molasses (a cheap and easily obtainable waste product from the sugar industry) to bacteria greatly stimulated biosurfactant production and microbial-enhanced oil recovery in soil columns [85, 86] . In contrast, petroleum-based surfactants can be toxicants, recalcitrant to biodegradation, and derived only from synthetic feedstocks, often making their production expensive and difficult to achieve on site and resulting in the production of toxic waste by-products.
As with synthetic surfactants, recent investigations indicate a potential use of biosurfactants for enhanced PAH degradation rates by increasing microbial accessibility to insoluble substrates [58] . The prospects for the use of biosurfactants in soil remediation are dependent on the capacity of these compounds to enhance desorption and dissolution and to stimulate biodegradation of contaminants. These factors may be related since enhanced desorption, dissolution, or transport may increase the bioavailability of the contaminant and hence increase biodegradation rates.
Biosurfactants are produced by numerous microorganisms (particularly during their growth on water-immiscible substrates) and represent a wide diversity of molecular structures ( Fig. 2A) . Generally the lipophilic portion is usually an alkyl tail, which may be saturated, unsaturated, hydroxylated, or branched and terminated by an acidic group. The hydrophobic fatty acid is linked to the hydrophilic group by a glycosidic ester or amide bond. Most biosurfactants are either neutral or negatively charged, the anionic character due to carboxyl groups with a pK a less than the pH of the solution. Microbes produce many potentially useful surface-active agents, including both ionic and nonionic compounds ranging in size from short fatty acids to large polymers. The three major classes of biosurfactant chemical structures are glycolipids, phospholipids and fatty acids, and lipopeptides/lipoproteins. These structures can form biosurfactants as single macromolecules, polymeric structures, and/or particulate structures [84] .
Several biosurfactants have found applications in environmental remediation (Table 3) , such as the acceleration of the biodegradation of hydrophobic hydrocarbons in oil-contaminated beach soils [87] and soil slurried in bioreactors [88] . Many studies of biosurfactant-enhanced bioremediation have employed small well-characterized biosurfactants such as Pseudomonas aeruginosa rhamnolipids [88, 89] , Candida apicola sophorose lipids [90] , Rhodococcus erythropolis trehalose dimycolipids [91] , Bacillus sp. lichenysins [92] , and Bacillus subtilis surfactin [93, 94] . These are potent surfactants, as they reduce surface tension (from 72 to Յ30 dynes/ cm) and have low CMCs. Polymeric biosurfactants, with hydrophobic groups distributed over the entire molecule (as in emulsans from Acinetobacter calcoaceticus RAG-1), are likely to form multimolecular structures rather than micelles in saturated aqueous solution. Thus, they may enhance biodegradation of low-solubility hydrocarbons by mechanisms other than micelle solubilization. For example, the bioemulsifier Alasan produced by Acinetobacter radioresistens KA 53 consists of a tightly bound complex of anionic polysaccharides and proteins (estimated molecular wt of 10 6 Da) [82] . The lack of true micelle formation in some biosurfactants has important implications for PAH biodegradation. By not forming micelles, these biosurfactants may not inhibit PAH biodegradation in contrast with the apparent nonbioavailability of PAHs inside micelles of synthetic surfactants as discussed in the previous section. We conceptualize this type of bioavailability enhancement as a weak association of the PAH with the biosurfactant, which can either be released into solution (and subsequently taken up) or directly taken up from the biosurfactant-PAH by the bacteria (see Fig. 3D ).
Biosurfactants therefore have gained considerable interest in both environmental biotechnology and industry in recent years. Their range of potential applications includes use in enhanced oil recovery, crude oil drilling lubricants, health care, and the food processing industry [84, [95] [96] [97] [98] . Other developing areas of biosurfactant use are in cosmetic and soap formulations, foods, and dermal/transdermal drug delivery systems [83, 99, 100] .
A P. aeruginosa UG2-produced biosurfactant that significantly increased the solubility and dissolution of hexachlorobiphenyl into the aqueous phase was described by Berg et al. [101] . In tests with the emulsifying agent in soil slurries, 31% of the added hexachlorobiphenyl was recovered in the aqueous phase. In a similar study, Van Dyke et al. [28] surveyed a variety of biosurfactants for removal of hexachlorobiphenyl from soil. Out of 13 biosurfactants tested, seven removed hexachlorobiphenyl more efficiently compared to controls. Two strains of P. aeruginosa and one strain of A. calcoaceticus RAG-1 produced the most efficient biosurfactants. Providenti et al. [88] studied the effects of P. aeruginosa UG2 biosurfactants on phenanthrene mineralization in soil slurries by the phenanthrene-mineralizing Pseudomonas sp. UG14. They detected an increase in phenanthrene mineralization combined with a reduced lag period prior to onset of mineralization. Stimulation of remediation of soil contaminated by PAHs and PCBs and even metals has been reported [28, 48, 88] .
Makkar and Cameotra [93] studied the biosurfactant Surfactin produced by B. subtilis. Surfactin greatly enhanced the biodegradation of the hydrophobic pesticide endosulfan as well as enhancing oil recovery from packed sand columns [93, 94] . Churchill et al. [102] showed that rhamnolipids (a glycolipid) from bacteria in combination with the oleophilic fertilizer were capable of increasing the degradation rate of hexadecane, benzene, toluene, o-and p-cresol, and naphthalene in both aqueous-phase and soil bioreactors. In further studies, they reported increased rates of biodegradation of aliphatic and aromatic hydrocarbons by pure bacterial cultures by the same treatment [60] . Robinson et al. [103] carried out batch studies to evaluate the impact of the biosurfactant Rhamnolipid R1 on microbial utilization of 4,4Ј di-chlorobiphenyl (DCB). Production of a Studies found in the literature where biosurfactants were used to stimulate hydrophobic organic contaminant biodegradation by defined cultures. b ϩ ϭ beneficial effect defined as a significant increase in biodegradation rate and/or extent; Ϫ ϭ detrimental effect; 0 ϭ no effect. c American Type Culture Collection (ATCC).
14 CO 2 from 14 C-labeled DCB after addition of an acclimated bacterial culture (Alcaligenes eutrophus) was monitored to determine the mineralization rate, and results demonstrated that rhamnolipid R1 increased both the rate and the extent. The enhancement was pronounced only at biosurfactant concentrations above the CMC. The authors concluded that biosurfactant addition followed by bioaugmentation with the pure culture might be a promising biological treatment approach for treatment of NAPL and soil-bound PCBs.
Deschênes et al. [80] assessed the effect of two anionic surfactants during biodegradation of 13 of the 16 U.S. Environmental Protection Agency priority pollutant PAHs in a highly weathered soil previously contaminated with the wood preservatives creosote and pentacholorophenol for at least 20 years. Both the synthetic surfactant sodium dodecyl sulfate and a biosurfactant produced by P. aeruginosa UG2 were studied. Because both surfactants are readily biodegradable, the microcosms received a fresh addition of surfactant (from 10-500 g/g soil) every two weeks for 45 weeks. Removal of the three-ring PAHs was rapid at 10 g/g soil. However, inhibition of biodegradation was observed at synthetic surfactant concentrations above 100 g/g. Surprisingly, both the synthetic surfactant and the biosurfactant significantly decreased the biodegradation rate of the four-ring PAHs at the same concentrations. In this case, the inhibition observed at higher surfactant concentrations was more pronounced with sodium dodecyl sulfate than with the biosurfactant. In contrast to the results with three-and four-ring PAHs, HMW PAHs were not biodegraded at any level of surfactant addition, although this could simply have been due to the lack of microbes with metabolic capability to degrade HMW PAHs. The authors suggested PAH biodegradation inhibition may have been caused by preferential utilization of the amended surfactants by the PAH degraders. This mode of inhibition would likely have a significantly negative impact on potential utilization of these synthetic surfactants in a bioremediation process. Deziel et al. [104] investigated the capacity of PAH-utilizing bacteria to produce biosurfactants using naphthalene and phenanthrene. They found that biosurfactants produced from these substrates were responsible for an increase in the apparent aqueous concentration of naphthalene. Zhang et al. [105] studied the effect of biosurfactants on the dissolution, bioavailability, and biodegradation of phenanthrene. Two different types of rhamnolipids increased the solubility and rate of phenanthrene degradation. Kanga et al. [91] applied glycolipids produced by Rhodococcus sp. H13A and a synthetic surfactant (Tween 80) for enhanced substrate solubility. They used naphthalene and methyl-naphthalene in crude oil as representative of PAH content. Although they observed a lowering of the aqueous surface tension to 30 dynes/cm by both surfactants, biosurfactants were more efficient in increasing the apparent PAH solubility. This effect was more apparent for methyl-naphthalene compared to naphthalene. The reason for the greater solubilization potential of biosurfactants could be the large micellar volume that is able to accommodate a greater amount of the substituted PAHs. Preliminary results using laser photometry indicated that biosurfactant micelles from H13-A were four times the diameter and have a molecular weight an order of magnitude greater than Tween-80 micelles.
Noordman et al. [106] applied rhamnolipid biosurfactants for enhanced removal of phenanthrene from soil. Phenanthrene-contaminated soil columns were eluted with electrolyte solution both with and without rhamnolipid (500 mg/L). Rhamnolipid dramatically enhanced phenanthrene removal kinetics from the soil by a factor of two to five. The enhanced removal of phenanthrene occurred mainly by micellar solubilization. In a later study, Noordman et al. [107] looked at the effect of surfactants on the sorption, solubilization, and admicellar sorption of the PAHs. The authors studied the facilitated transport of a mixture of three PAHs (naphthalene, fluorene, and phenanthrene) by a rhamnolipid biosurfactant using three types of model matrices. A silica matrix represented mineral surfaces in soil and served as a reference matrix for the other two. Hydrophobic octadecyl-derivatized silica was used as a model hydrophobic matrix (representative of soil organic matter [SOM] ). Humic acid-coated silica was used as a model for the less hydrophobic moieties in the humic acid fraction of SOM. These matrices allowed for the determination of the PAH sorption processes in a well-defined, homogeneous situation in the absence of nonequilibrium and nonlinear sorption effects, an important assumption for their model formulation of retarded transport. The retardation factor incorporates the equilibrium linear partitioning of phenanthrene between the aqueous and solid phase: R ϭ 1 ϩ (/)K d , where R is the unitless retardation factor, the soil density, the soil porosity, and K d the solid-liquid partition coefficient. The retardation factors for the PAHs in the absence of rhamnolipid ranged from 2 (naphthalene with silica) to 700 (phenanthrene with octadecyl-derivatized silica).
The retardation factors for the transport of phenanthrene in the study were eightfold lower with 500 mg/L rhamnolipid surfactant compared to no rhamnolipid present [107] . The facilitated transport of the contaminants in the presence of rhamnolipid could be predicted by accounting for sorption, solubilization, and admicellar sorption of the PAHs. Transport of fluorene and phenanthrene was enhanced in the hydrophobic matrix, even with the addition of rhamnolipid at sub-CMC levels. The authors attribute this phenomenon to the reduced affinity of the PAHs to the hydrophobic stationary phase on surfactant sorption. These correlations were used to stimulate the facilitated transport of contaminants of varying hydrophobicity by surfactant addition. It can be concluded that surfactants have the greatest transport facilitating effect on the most hydrophobic contaminants, whereas transport of less hydrophobic PAHs may be considerably retarded because of admicellar surfactant sorption.
Straube et al. [108] presented results from a series of trials designed to assess the efficacy of treatments to increase the rate at which bacteria remove HMW PAHs from contaminated soils. Results from aqueous extracts of soil indicate that the biosurfactants produced by a P. aeruginosa 64 (Pa 64) increased the concentration of some creosote components in the aqueous phase of the system in direct proportion to the amount of surfactant present. These results were used in the field in a land farm operation with Pa 64 surfactant augmentation. The results demonstrated that Pa 64 biosurfactants could dramatically increase the accessibility of PAHs to soil bacteria [108] . Further, evidence that bacteria from soils augmented with Pa 64 did produce biosurfactants suggests that the Pa 64 cells can survive in the soil, and such bioaugmentation will benefit PAH degradation.
Alasan [109] , a HMW bioemulsifier complex of an anionic polysaccharide and proteins produced by A. radioresistens KA53, enhanced the aqueous solubility and biodegradation rates of PAHs [82] . In the presence of Alasan (500 mg/L), the apparent aqueous solubilities of phenanthrene, fluoranthene, and pyrene were increased from 7-to 26-fold [82] . Physicochemical characterization of the solubilization activity suggested that Alasan solubilized PAHs by a physical interaction (most likely of a hydrophobic nature) independent of the conformation of Alasan (similar to Fig. 3D ). Solubilization was not affected by the formation of multimolecular aggregates of Alasan above its saturation concentration. The authors conclude that Alasan-enhanced PAH solubilization and biodegradation has potential applications in the bioremediation of contaminated sites and Alasan can serve as a useful model polymeric biosurfactant for the study of the mode by which they enhance the solubilization of PAHs and other HOCs [82] .
Schippers et al. [52] examined the influence of sophorolipids on the microbial biodegradation of phenanthrene in liquid and soil suspension culture. They found the CMC was lower and that the solubilization ratio of the biosurfactant was better than several synthetic surfactants reported in the literature. The treatment resulted in a reduction to 71% of the detectable amount of phenanthrene in a soil suspension without any biotic influence after 4 d. Culture experiments with Sphingomonas Surfactant-enhanced PAH bioavailability Environ. Toxicol. Chem. 22, 2003 2289 yanoikuyae were performed to evaluate the toxicity of sophorolipids on these bacteria and assess the biodegradation rate. In exponential growth tests, no toxicity to growth could be detected (up to 1 g/L sophorolipids), whereas in an agar plate test, slight inhibition was measured at a lower concentration of 250 mg/L. The biosurfactant stimulated an increased degradation of phenanthrene by S. yanoikuyae in both liquid culture and a 10% soil suspension. Fluorescence measurements showed that this effect was due not to an increasing biomass but to an augmentation of bioavailability of the phenanthrene through increasing the apparent dissolved pollutant concentration. Surfactant addition to the soil suspension had decreased the residual detectable pollutant concentration from 2.3 to 0.5 mg/L in 36 h and increased the maximal degradation rate from 0.8 to 1.3 mg [l h] Ϫ1 . This study suggested that problems of soil remediation processes, longer process time, and high residual pollutant levels might be alleviated by the use of biosurfactants.
Although virtually all studies with biosurfactant amendment demonstrate an increase in PAH biodegradation rates (Table 3 ), in contrast to several studies using synthetic surfactants (Table 2) , their effects on PAH bioremediation in situ are as yet not always predictable. Further studies to optimize selection of microorganisms and surfactants for PAH bioremediation are needed. Further knowledge of the true modes of surfactant enhancement through detailed mechanistic studies is also required. In particular, studies of PAH diffusion into and out of micelles that combine model predications with transport data are needed to confirm the present hypothesis regarding surfactant HOC interactions.
CONCLUSIONS
Accidental and intentional release of PAHs threatens environmental sustainability and human health. The United States has many industrial centers where accidental or intentional releases of hazardous substances to soils and subsurface environments were common. These include government sites (primarily Department of Defense and Energy installations) and industrial facilities (e.g., the Superfund program lists approximately 50,000 sites across the United States) [110] [111] [112] . Although the capacity of soils to detoxify waste has been well documented (so-called natural attenuation), this capacity is limited, and natural detoxification processes often require years to restore impacted sites [113] . It has been estimated that hazardous waste site restoration costs may approach $1.7 trillion over the next 30 years in the United States alone [114, 115] . These estimates have raised serious concerns regarding the ability to pay for site restoration. Consequently, it is imperative that less expensive and more efficient remediation approaches be developed. Bioremediation, often a very economical option for soil decontamination, has restricted applicability for soils contaminated with PAHs because of these bioavailability limitations.
As discussed here, surfactants have potential for use in improving remediation in sites where biodegradation is affected by rate-limited desorption and dissolution of the contaminant. The results of this review show that the effectiveness of surfactants in improving contaminant biodegradation is a combination of the solubilizing power of the surfactant and the bioavailability of micellar contaminant. For synthetic surfactants, both of these parameters should depend on the chemical structure of the surfactant. As we have shown, biodegradation of PAHs in the presence of synthetic surfactants is inhibited in several studies ( Table 2 ). Factors that cause such inhibition include surfactant toxicity to PAH degraders, the surfactant serving as a preferred carbon source to non-PAHdegrading bacteria (also a potential problem with biosurfactants), and the low bioavailability of PAHs within surfactant micelles.
Although most research on surfactant enhancement of PAH biodegradation has focused on synthetic surfactants, these compounds are often toxic and recalcitrant and pose the threat of additional contamination. As has been outlined in this review, biosurfactants possess similar PAH bioavailability-enhancing properties to synthetic surfactants but with the advantage of being biodegradable and nontoxic to PAH-degrading bacteria. Additional advantages of some biosurfactants over synthetic surfactants are the lack of a true micellar formation at high surfactant concentrations, thus potentially alleviating the problem of micelle-PAH sorption observed with synthetic surfactants. Finally, biosurfactants can be produced on site or potentially in situ where the target contamination exists, thus potentially keeping application costs lower.
Results to date are promising; however, the application of surfactants to enhance soil remediation requires precise knowledge of soil microbial ecology as well as of the fate and transport of contaminants and surfactants in environmental systems. As yet, better knowledge of biosurfactant-PAH interactions are required to have a truly predictive framework. This knowledge will improve our ability to predict the fate of these compounds and lead to the development of more effective remediation strategies for the reclamation of contaminated soils.
